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generate enough force to be larger
than about three centimeters, yet
there are jellyfish species larger
than 2 meters in diameter [5]!
Given the scaling of muscular and
hydrodynamic forces, how is it
possible for jellyfish to evolve to
a size larger than a few
centimeters?
Larger jellyfish have evolved in
at least three ways that offset
the mechanical demands of
locomotion. First, they lower thrust
by pulsing more slowly [6]. Second,
they are more oblate (flatter)
than their small relatives, which
means that thrust is reduced by
expelling less water from the bell.
Lastly, larger species have
disproportionately wide openings
to the bell. With a lack of the
thumb-over-the-garden-hose
effect, the water from the bell is
accelerated more slowly in these
species. Even with these
behavioral and anatomical
modifications, however, the jetting
model predicts that jellyfish should
evolve to be no larger than
6 centimeters.
The paradox was resolved by
experiments on the hydrodynamics
of swimming in oblate jellyfish. In
collaboration with Gharib, Dabiri
et al. [1] examined the swirling
patterns of dye around the bodies
of swimming oblate jellyfish [7].
They discovered that each time one
of these jellyfish pulses, it leaves
behind a pair of donut-shaped
swirls, or vortices. One of these
vortices swirls in a direction that
inhibits propulsion and the other
contributes by swirling the other
way. Most surprising was the
discovery that these vortices were
expelled close enough together
in the wake that their swirling
canceled each other while they
simultaneously traveled away from
the jellyfish. This canceling of
vortices gives oblate jellyfish
a means for generating thrust that
the prolate species lack. This
mechanism for thrust allows
jellyfish to evolve to any size,
provided the bell height is about
one-quarter of the diameter.
Resolving the paradox of the
jellyfish allows for an examination
of the evolution of body shape.
Incorporating thrust by both jetting
and vortex cancellation into their
model, Dabiri et al. [1] plotted bell
shape (height/diameter) against
diameter for 660 species of jellyfish
and found that virtually all fell within
the boundaries of their muscular
limitations. Although impressing
potential mates with thick muscles
appears to be of little concern to
these asexual (or free-spawning)
creatures, their meager ability to
generate force appears to have
constrained the evolution of their
body shape and size.
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R633Bacterial Cytoskeleton: Not Your
Run-of-the-Mill Tubulin
Large plasmids of some Bacillus species encode a distinct tubulin
homolog, TubZ, implicated in maintenance of the host plasmid. A recent
study has shown that TubZ polymers exhibit treadmilling behavior
in vivo, suggesting that they are involved in mitotic activity.William Margolin
It is now clear that bacteria harbor
several families of tubulin and actin
that have cytoskeletal functions
[1,2]. The bacterial actin family
includes: MreB and MreB-like
proteins, which polymerize into
helical structures on the
cytoplasmic membrane that direct
cell-wall biosynthesis in rod-shape
bacteria; FtsA, which acts with
FtsZ in cell division; MamK, which
organizes magnetosomes inmagnetotactic bacteria; and
plasmid-encoded actin homologs
such as ParM and AlfA, which form
mitotic spindle-like polymers
required for partitioning of the host
plasmids into daughter cells. There
is also good evidence that MreB
polymers are involved in
partitioning of chromosomes.
Therefore, diverse homologs of
actin function in various
organizational tasks in the bacterial
cell, including mitotic-like
partitioning of DNA.Bacterial tubulins also come in
several varieties. The best-studied
version is FtsZ, which assembles
into protofilaments that form an
organized array at the division
plane, called the Z ring, required for
cytokinesis [3]. Another type of
bacterial tubulin, present in some
Verrucomicrobia, is a family of two
and much more like tubulin than
FtsZ; its gene was probably
acquired from a eukaryote by
horizontal transfer [4]. Archaea also
contain a family of divergent
tubulins, some of which are clearly
homologs of FtsZ, and others that
are FtsZ-like but distinct from both
FtsZ and tubulin [5]. Other than the
Verrucomicrobia, the only other
bacteria that have tubulin
homologs apart from FtsZ consist
of a group of Bacillus species.
These bacteria have a typical ftsZ
gene on their chromosome for
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Figure 1. Treadmilling of a TubZ protofilament toward a cell pole and a model for
mitotic-like transport of pBToxis plasmid DNA.
Each row shows a successive theoretical time point during the treadmilling process,
with the leading (plus) end of the TubZ protofilament extending rightward down the
cell membrane. The first time point shows the protofilament near the mid-cell position.
At the last time point, the protofilament has migrated around the cell pole and contin-
ues leftward back to mid-cell. Circles show assembled subunits (red), newly added
subunits (green), or a subunit (black) tethered to plasmid DNA via an adaptor complex
(not shown). The release of the plasmid-tethered subunit from the minus end and even-
tual reincorporation at the plus end results in net movement of the attached plasmid.
The black circle can also represent a photobleached subunit to illustrate how treadmil-
ling is identified. For simplicity, protofilament subunits are not drawn to scale, and only
one protofilament per treadmilling TubZ filament is depicted.cytokinesis, but harbor an
additional, divergent ftsZ on a large
plasmid.
One of these plasmids is pXO1,
a large virulence plasmid of
B.anthracis, the species that causes
anthrax. This plasmid, which
encodes the major toxins crucial in
causing disease [6], is very stably
inherited, indicating that it has
a dedicated partitioning system.
The divergent ftsZ on this plasmid,
named repX, is required for proper
maintenance of a pXO1
mini-plasmid, although its precise
function is not known [7]. Similarly,
B. thuringiensis subsp. israelensis
contains a large plasmid called
pBtoxis that encodes the
well-known crystalline Bt toxin,
and this plasmid also harbors
a similar divergent ftsZ gene in
addition to the familiar
chromosomal ftsZ [8]. As with
pXO1, a mini-pBtoxis plasmid
containing the divergent ftsZ iscapable of replicating [9]. A recent
study by Larsen et al. [10] suggests
that this FtsZ, renamed TubZ
because of its similarity to both
tubulin and FtsZ, represents a new
class of bacterial cytoskeletal
proteins.
Because it is related to FtsZ and
tubulin, Larsen et al. [10] first
tagged TubZ with green
fluorescent protein (GFP) to test
whether it forms polymers in
B. thuringiensis cells. When
produced at its native locus on
pBtoxis downstream from another
gene called tubR, TubZ–GFP
formed long filamentous
structures. Such structures are
often found when FtsZ is
overproduced, and the
observations confirm that TubR is
proficient in forming polymers in
cells. The big surprise, however,
was that individual filaments of
TubZ–GFP moved rapidly along the
cell membrane, giving theimpression that an entire filament
was being translocated around the
cell. When not at a cell pole,
a typical TubZ–GFP filament
extended along one side of the cell,
next to the cytoplasmic membrane.
But once the leading edge of the
traveling filament arrived at the
bacterial cell pole, it bent around
the curved pole and continued
migrating back up the other side of
the cell, where it straightened out
again (Figure 1). This astonishing
dynamic migration showed that the
TubZ–GFP filament is highly
flexible, yet seems to have a high
affinity for the cytoplasmic
membrane as it translocates.
What is the mechanism behind
this filament migration? One
possibility is that a TubZ–GFP
filament with fixed ends can slide
along the membrane, perhaps
propelled by anchored motor
proteins. The other possibility is
that new TubZ–GFP subunits are
added at the leading end of the
filament, while TubZ–GFP subunits
are lost at the trailing end. The latter
mechanism, which gives the
impression of transport of a fixed
filament but is actually achieved by
polarized growth and shrinkage, is
called treadmilling.
To distinguish between the two
mechanisms, Larsen et al. [10]
photobleached the middle of
a traveling TubZ–GFP filament and
monitored the movement of the
bleached spot. They found that the
spot did not move with the traveling
filament but instead moved toward
the trailing end of the filament,
remaining at the same fixed
location in the cell (Figure 1). This is
strong evidence for treadmilling.
Similar TubZ–GFP filament
treadmilling was observed when
TubR and TubZ–GFP were
co-produced in Escherichia coli,
which lacks a pBtoxis plasmid or
TubZ, indicating that TubZ
polymerization and treadmilling do
not depend on a B. thuringiensis-
specific factor. In some cases, the
minus end of the TubZ–GFP
filament remained stationary while
the plus end grew, additional
evidence for polarized filament
growth consistent with
a treadmilling mechanism.
Interestingly, in E. coli cells starved
for nutrients, TubZ–GFP filaments
could be seen rapidly
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suggesting that, like microtubules,
TubZ filaments undergo
catastrophe.
Treadmilling of TubZ can be
uncoupled from its assembly into
filaments. For example, a mutant
TubZ lacking a critical residue for
GTP hydrolysis assembled into
long filaments, but these filaments
were static and often displayed
morphological abnormalities, such
as branching. Excess levels of
TubZ also inhibited treadmilling, as
did co-production of the TubZ
mutant with wild-type TubZ.
Finally, TubZ assembly into
filaments required a critical
concentration, typical of tubulin
and actin assembly. These results
indicate that the assembly
dynamics of TubZ are sensitive to
TubZ concentration, and that GTP
hydrolysis within the filament is
a necessary switching mechanism
to generate the asymmetry needed
for a growing (plus) end and
a shrinking (minus) end.
How common is treadmilling
in vivo? Actin filaments involved
in motility translocate by
treadmilling, with growth at the
barbed end and loss of subunits at
the pointed end [11]. The bacterial
actin homolog MreB also moves
via treadmilling [12]. Microtubules
treadmill in vivo under certain
conditions [13,14], although this is
not commonly observed in animal
cells because most microtubules
are anchored at their minus ends
by centrosomes. In contrast,
plants form ordered arrays of
microtubules in interphase,
despite the lack of centrosomes.
Plant microtubules literally get
around this problem by
treadmilling to reorient themselves
[15]. FtsZ has not yet been shown
to treadmill, although the rapid
movement of non-ring FtsZ in
helical paths might occur via such
a mechanism, which has also been
suggested by the effects of
mutations in FtsZ [16,17].
The velocity of TubZ filament
growth in B. thuringiensis averages
1.8 mm per minute, remarkably
similar to the rate of translocation
of treadmilling plant microtubules.
However, the latter change their
total length by growing faster at
their leading end than they shrink at
their trailing end. TubZ filaments, incontrast, move their plus and
minus ends on average at similar
rates, thus maintaining fairly
constant filament lengths.
Therefore, at physiological
concentrations of TubZ, the plus
ends of TubZ filaments should have
a net rate of assembly equivalent to
the net rate of disassembly at the
minus end.
This suggests that the cellular
concentration of TubZ must be
regulated to be higher than the
critical concentration at the plus
end of a TubZ filament but lower
than the critical concentration at
the minus end, creating an even
balance of assembly and
disassembly. This would explain
why excess TubZ or inhibition of
GTP hydrolysis blocks TubZ
treadmilling. Such precise
regulation of TubZ levels is
probably achieved via the action of
TubR, a DNA-binding protein that
represses expression of the tubRZ
operon. Not surprisingly,
Larsen et al. showed that TubR was
dispensable for TubZ filament
assembly, although it is not yet
clear whether TubR is required for
TubZ filament dynamics.
The study by Larsen et al. [10]
raises a number of interesting
questions. First, what is the
precise nature of the TubZ
filament? One possibility is that it
is a monomer-thick protofilament,
although this is unlikely given the
strong GFP fluorescence signal
observed for the TubZ filament. It
is more likely that the TubZ
filament consists of a bundle of
protofilaments. If so, then the
unidirectional motion of the
putative bundle requires that the
individual protofilaments be
polarized, like actin filaments. The
possibility that TubZ forms
a microtubule-like structure cannot
be ruled out, although the TubZ
filaments clearly have a high
degree of flexibility to treadmill
around the 180 curve of the
bacterial cell poles and remain
intact. It is not clear why TubZ
usually assembles into one or two
single long filaments per cell
instead of many short filaments,
but it is reasonable to assume that
cooperative assembly limits new
nucleation events.
The second key question is how
dynamic TubZ filaments function tomaintain and segregate the
pBtoxis plasmid inB. thuringiensis.
It is hard to imagine how TubZ
could be involved in the process of
DNA replication. It is more
plausible that after the plasmids
are replicated, they attach to
dynamic TubZ filaments, which
then transport each plasmid to
opposite cell halves. As with other
plasmid segregation systems
involving bacterial actin filaments
or polymers of other ATPases [18],
the TubZ-pBtoxis system must
have a way to tether the plasmid
DNA to the filaments. It is possible
that TubR is this tethering protein,
although there is currently no
evidence for this. If TubZ filaments
of constant length move by
treadmilling, then attachment of
plasmid DNA via a tethering protein
to an individual TubZ subunit within
a TubZ protofilament would not
immediately move the DNA toward
the cell poles. However, once the
carrier subunit was lost from the
minus end, it would eventually be
reincorporated at the plus end,
which would have translocated
a significant distance. This is
a potential mechanism whereby
a plasmid might hitch a ride on the
TubZ tram (Figure 1), although it is
not clear how the bidirectional
transport and eventual polar
anchoring of two daughter
plasmids would be achieved. This
would be especially critical during
formation of the endospore at the
extreme end of a B. thuringiensis
cell.
Finally, how did the TubZ
cytoskeleton arise and how is it
related to the FtsZ cytoskeleton?
Whereas other large Bacillus
plasmids also encode TubZ
homologs, nothing is known about
whether they form dynamic
polymers or where they localize.
Interestingly, TubZ and FtsZ do not
colocalize in B. thuringiensis or
E. coli, probably because their
subunit contacts are as divergent
as their primary sequences.
Indeed, several key residues of
TubZ match those of tubulin and
not FtsZ, supporting the idea that
TubZ, tubulin and FtsZ diverged
early in evolution of the tubulin
family. This underscores the point
that TubZ is a not a run of the mill
tubulin, but instead is the
first bacterial tubulin known to
Current Biology Vol 17 No 16
R636treadmill and to be implicated in
a mitotic-like process.
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Clocks rule our lives. One of them
is the circadian clock — an
adaptive, endogenous temporal
programme which ensures that the
same processes occur at the same
time, day after day. These
processes are based on a number
of rhythmic functions ranging from
gene expression and metabolism
to behaviour and they are so
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biochemically ‘different’ people
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environment with their period
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The genetic revolution for
complex behaviour started with
Seymour Benzer who identified
the first clock gene, period, in
Drosophila [1]. Since then, clock
genes have been described in all
circadian model systems, from
cyanobacteria to mice. By
discovering how the products of
these clock genes interact,
a cohesive mechanism emerged
that is apparently common to
all circadian systems: an
auto-regulatory negative
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In a recent paper in Current
Biology, Fan et al. [2] describe
provocative results that — if
repeated, extended and
elaborated — challenge the current
feedback loop model. In mice,
levels of the TTFL components
mPERIOD (PER) 1 and 2,
mCRYPTOCHROME (CRY) 1 and 2,
and BMAL1 typically oscillate over
the course of a day. The oscillation
is thought to depend largely on
the CRY proteins, which repress
CLK/BMAL1 mediated
transcriptional activation. PER
proteins also show negative
feedback but are less potent than
either of the CRY proteins in cell
culture systems [3]. Fan et al. [2]
have engineered the two key
negative feedback components,
the mCRY proteins, such that they
move freely into cells. They
surprisingly find that, despite the
apparently constant level of both
CRYs and CRY-induced BMAL1
expression, Per2 transcription
continues to cycle rhythmically.
This indicates that one of the
fundamental assumptions
concerning the mouse circadian
clock seems incorrect, namely that
oscillations of CRY protein levels
